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Abstract
We show that the interaction of a pulsed laser light with amechanical oscillator through the radiation
pressure results in an opto-mechanical entangled state inwhich the photon number is correlatedwith
the oscillator position. Interestingly, themechanical oscillator can be delocalized over a large range of
positionswhen driven by an intense laser light. This provides a simple yet sensitivemethod to probe
hypothetical post-quantum theories including an explicit wave function collapsemodel, like theDiosi
& Penrosemodel.We propose an entanglement witness to reveal the quantumnature of this opto-
mechanical state as well as an optical technique to record the decoherence of themechanical oscillator.
We also report on a detailed feasibility study giving the experimental challenges that need to be
overcome in order to conﬁrmor rule out predictions from explicit wave function collapsemodels.
1. Introduction
Post-quantum theories have been proposedwhich provide explicit wave function collapsemodels to explain
how the classical world emerges from the quantumdomain, see e.g. [1–6]. Although the physics behind each
collapsemechanismdiffers, they all operate as a spatial localization preventingmassive objects to be in a
quantum superposition of two ormore positions. A possible approach to test them is tomanipulate themotion
of amechanical oscillator through the radiation pressure. In this framework, it has been recently proposed to test
collapsemodels by simply looking at the spectrumof the light driving the oscillator [7, 8] or through a
spontaneous increase of the equilibrium temperature [10]. Alternatively, we can look for amethod to push the
mechanical oscillator down to the quantum regimewhere its spatial position is largely delocalized and a
technique to record the decay of spatial quantum coherences. Deviation from standard decoherence that occurs
through the interactionwith the environment [9]mightmake it possible to conﬁrmor rule out predictions from
these hypothetic wave function collapsemodels. The proposals of [11–13] have followed this approach. They
consist ofﬁrst preparing quantum light, entangling it with themechanical oscillator position and subsequently
observing the oscillator decoherence through the decay of quantumproperties of light.While recent proposals
have shown how to relax some of the constraints on the opto-mechanical coupling strength, they still need non-
classical light to start with [14–17]. In the resolved-sideband regime, techniques beneﬁting from an
optomechanical squeezing interaction [18, 19] or based on conditioning [20–23] have been put forward to create
quantumoptomechanical states while avoiding the initial preparation of non-classical light.
In this work, we use laser light to drive amechanical oscillator in the pulsed regimewhere the light pulse
duration ismuch shorter than themechanical period. In this regime, themechanical oscillator can be cooled and
manipulatedwithout sideband resolution [24–26] as shown in an recent experiment [27]. The basic principle for
manipulation is that the kick imparted by the light is proportional to the photon number. In particular, we show
thatwhen the oscillator is driven by an intense laser pulse where the photon number is inherently and largely
undeﬁned, this results in an opto-mechanical entangled state inwhich the oscillator is delocalized over a large
OPEN ACCESS
RECEIVED
13October 2015
REVISED
28 January 2016
ACCEPTED FOR PUBLICATION
1March 2016
PUBLISHED
16March 2016
Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.
Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.
© 2016 IOPPublishing Ltd andDeutsche PhysikalischeGesellschaft
range of positions.We build up an entanglement witness that can be used to reveal the quantumnature of this
opto-mechanical state.We also showhow to disentangle the light and the oscillatorwhile using the light to
record the decay of the oscillator spatial coherences and ultimately, to probe hypothetic deviations from
standard decoherence.We discuss the experimental feasibility of this test bench forwave function collapse
models by studying the effects of variousmeasurement inaccuracies andﬁnite cooling efﬁciencies.
2. Creating optomechanical entanglement
Consider the optical andmechanicalmodes of an optomechanical cavity with bosonic operators a andm
respectively. The correspondingHamiltonian is given by H mm g a a m mm 0 ( )† † † w= - + , whereωm is the
mechanical frequency and g
L M0 2
c
m
= w w is the optomechanical coupling, L being the cavity length,M the
effectivemass of the oscillator andωc the cavity frequency. Further consider the ideal case where themechanical
mode is initially prepared in itsmotional ground state 0 .M∣ ñ When a n photon Fock state n A∣ ñ impinges upon the
oscillator, they induce a displacement of themechanical state whose amplitude is time dependent
ne 1 e
t t g n t
A
i sin i
M
g n0
2 2
m
2 m m 0
m
m∣ ( ) ∣( ( )) - ñ ñw w w w
- -w [11]. The result of the interactionwith a laser pulse ,∣añ (wherewe
assume that a Î all along the paper), i.e. with a Poissonian distribution of number states can be obtained
directly from this expression. In particular, in the pulsed regimewhere the interaction time τ satisﬁes 1,mw t 
(see below for the exact conditions) the optomechanical state reduces to
n
n n te i g e 1
n
n
A
2
0
0
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!
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
å a t wñ ña- -
a time t after the interaction.
Themechanical state involves coherent states ni g e t0
i
M
m∣ t ñw- with amplitudes that depend on the photon
number. Right after the interaction (t= 0), the photon number is entangledwith themechanicalmomentum.
Then themechanical oscillator rotates in phase space. After a quarter of amechanical period t=π /(2ωm), the
photon number is entangledwith themechanical position before being entangled againwith themechanical
momentum at t=π /ωm and so on. Beforewe showhow to reveal this optomechanical entanglement, let us
note that themechanical position is delocalized over the range X x g1 2M 0 0
2 2 2( )a táD ñ = + on averagewhich
can bemademuch larger than themechanical zero-point ﬂuctuation x
M0 2 m
= w with an intense driving laser,
even in the experimentally relevant regime, where g g1 1 .0 0 m( )t w t   As the characteristic timescale of
thewave-function collapsemodels decreases withΔXM some of them are expected to degrade the quantum
properties of the state (1) on timescales that can be accessed experimentally evenwhen dealingwith small
effectivemasses, as we show below.
3. Revealing optomechanical entanglement
The question that we address in this paragraph is how to detect the quantumnature of the optomechanical state
(1). The entanglementwitness that we propose is inspired by [28]. Concretely, for two pairs of local observables
Figure 1.Trajectory of the oscillator in phase space.With a short laser pulse, themirror ﬁrst experiences amomentum shift
proportional to the respective photon number, and thereafter proceedswith oscillations in phase space. As themirror travels, it
assumes a large superposition of position states, and hence a signiﬁcant position spread.
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(A1,A2) and (B1,B2) and a separable state ρAB, the following inequality holds A B A B2 1 1 2 2 2( ) ( )D - D -
A A B B, , ,1
2 1 2 1 2
(∣ [ ] ∣ ∣ [ ] ∣) á ñ + á ñ where A B tr AB2 1 1( ) rD - = A B A Btr AB1 1 2 1 1 2( ) ( ( ))r- - - stands for the
variance. The idea is that the observables satisfy theHeisenberg uncertainty relation locally whereas the pairs of
observables (A1,B1) and (A2,B2) can only be classically correlated for a separable state. The aim is thus toﬁnd two
couples of observables (A1,B1) and (A2,B2) such that the variancesΔ
2(Ai− Bi) do not increase (decrease) during
the evolutionwhile the commutators A A,1 2∣ [ ] ∣á ñ and B B,1 2[ ]á ñ increase (stay constant). In our case, the
optomechanical interaction shifts the oscillatormomentumby the photon number (times the interaction
strength) suggestingA1=PMand B g a a2 .1 0
†t= Similarly, the lightﬁeld acquires a phase proportional to the
position of the oscillator.While the phasej is not a physical observable, for a coherent state it can be indirectly
accessed through homodyne detections P 2 sin .ℓ a já ñ = Therefore, we choose A g X2 sin 22 0 M( )a t=
andB2=Pℓ. This leads to the following inequality
P g a a g X P
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If the results ofmeasurements do not fulﬁll this inequality, we can conclude that the lightﬁeld and the
mechanical oscillator are entangled. In particular, this inequality does not hold for the state (1) if
g
1
16
. 32
0
2( )
( )a t
This condition is obtained under the assumption g 1.0t  It can be understood as a requirement on the laser
intensity to signiﬁcantly enlarge themechanical zero point spread—a condition that is necessary to correlate the
photon number and themechanicalmomentum.
4. Recording themechanical oscillator decoherence
Weﬁrst explain how to proceedwith recording the decoherence of themechanical oscillator:
(a) A short pulse of duration τ generates the entangled optomechanical state (1).
(b) After a variable delay t k
m
= pw , another short pulse is used to measure the mechanical position, where no
information is revealed about the photon number.
Figure 2.Once the light pulse ∣añ interacts with themechanical device, the photon number is entangledwith themechanical
momentum. To detect this optomechanical entangled state, we need to look at the correlations between (i) the photon number and
themechanicalmomentum, (ii) the quadrature of the light and themechanical position. The latter can be performed by using the fact
that the phase shift in the reﬂected light is proportional to the position of themirror. To record themechanical decoherence, the
mechanical oscillator isﬁrst disentangled from the light bymeasuring themechanical position at a timewhich is amultiple of half the
mechanical period (seeﬁgure 1). A feedback loop is then needed to correct the phase of the light depending on the result of the
measurement of themechanical position. The oscillator decoherence translates into a phase noise on the light that can be observed
with an homodyne detection. Deviation from environmental decoherencemightmake it possible to conﬁrmor rule out predictions
form explicit wave function collapsemodels.
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(c) The phase of the light pulse in (a) is shifted using themeasurement outcome of step (b).
(d) The phase quadrature of the outgoing light ismeasured.
In the ideal casewithout decoherence, the conditional state of the light e g xi 1 2
k
0 m∣ ( )a ñt- has a phase which
depends on the result xmof themeasurement of the oscillator position. Correcting the phase of the light with a
feedback loop yields a photonic state that is identical to the initial light state ∣añ.
Things are different if we take the oscillator decoherence into account. These decoherencemodels,
conventional or otherwise, operate as a decay of spatial coherences x y x y x y ,∣ ∣˙ ( )∣ ∣gñá = - - ñá where x∣ ñand
y∣ ñare position eigenstates. The exact expression of γwill differ according to the decoherencemodel being
described5, but all operate as a spatial localization as a function of the distance x y∣ ∣- , resulting in a phase noise
on the light once the position of themechanical device ismeasured [16]. Instead of ∣añ, in the presence of
decoherence, one obtains (see [16], supplementalmaterial)
d e e , 4i i˜( )∣ ∣ ( )òr jx j a a= ñáj j
where d e e ,k g x1
2
i 2 sinm 0 0˜( ) ( ( ))òx j h= p hj g h t q-¥
¥ - ápw with X Xsin sin d1
0
( ( )) ( ( ))òg q g q qá ñ = p
p
indicating an
average over half a period of themechanical oscillator. The problemof identifying the oscillator decoherence is
thus equivalent to characterizing a phase noise channel with light–this characterization ismore accurate when
probedwith large photon numbers. For example, bymeasuring the quadrature Xℓ
q of the lightﬁeld, we get
X
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and similarly
X
1
2
1 cos 2 2 , 62 2( ) ( ( ) ( )) ( )ℓ a q xá ñ = + +q
where ξ is deﬁned by d e1
2
i˜( ) ( )òx j h x h= p hj i.e.
e . 7k g x2 sinm 0 0( ) ( )( ( ))x h = g h t q- á ñpw
Immediately after the optomechanical interaction (k=0), themechanical oscillator has not yet undergone any
decoherence and 1 .( )x h h= " The phase of the light is well deﬁned and the variance of ∣añ is 1/2. In the limit
where k , ¥ the spatial coherences of themechanical oscillator vanish 0( )x h h= " . The lightﬁeld is
described by amixture of coherent states with randomphases and its spread in the phase space tends to 1/2+
α2. Focusing on X P ,2ℓ ℓ=q p= the time taken to double the distribution of possible results, for example, is given
by
g x
1
2 4 sin
8
2
0 0( ( ))
( )a g t qá ñ
at the leading order inα.We see that the use of intense laser pulses reduces the time it takes to observe the effect
of collapsemodels. As particular examples, we compare conventional decoherencewith explicit collapsemodels
as proposed by Ellis and co-workers [1] on the one hand andDiosi and Penrose [5, 6] on the other hand.We
show that with a combination of largeα and small thermal dissipation, we canﬁnd experimentally feasible
parameters inwhich the standard decoherence time is longer than the timescale of these collapsemodels, hence
opening theway to conﬁrmor rule out their predictions. Note that for standard decoherence processes where
x Cx , e k C g x2
2
m 0 0
2 2( ) ( ) ( )g x h= = t h- pw . In this case ξ(2)/ξ(1)4=1. For theDiosi and Penrosemodel, ξ(η)
decreases less rapidlywith η such that the ratio ξ(2)/ξ(1)4 can bemuch larger than one. As this ratio can be
accessed through the twoﬁrstmoments of Xℓ
q (5) and (6), this provides an unambiguous criteria to distinguish
standard decoherencewith theDioisi and Penrosemodel. This is particularly relevant in the regimewhere g0τ x0
is comparable to the parameter that is used to deﬁne themass distribution in theDiosi and Penrosemodel.
5
Note that for environmental induced decoherence x y x yMk T
Q
2b m
2
m
(∣ ∣) ∣ ∣g - = -
w . For themodel proposed by Ellis [1], x y(∣ ∣)g - »
x y
c M m
m
2
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p
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5. Experimental constraints
Wenow address the question of the feasibility in detail. First, our results have been derived under the
assumption that the dynamics falls within the pulsed regime. This requires
g 6 92 0
2
m( ) ( )a t w t 
which provides an upper bound on the photon number given the optomechanical coupling, the pulse duration
and themechanical frequency placing an upper limit on the extent towhichwe can violate (2).
Let us now consider various imperfections. First, let themeasurement of the oscillator position be subject to
aGaussian noise with a spread δ x. To reveal entanglement, one needs 1.5x
x
2
0
2 ~d in the limit g4 1,0 2( )ta  i.e.
to resolve the zero point spread. The requirement ismore demanding for recording decoherence. If the
mechanical position is not preciselymeasured, the phase of the light cannot be accurately corrected leading to
phase noise. This effect has to be smaller than the phase noise induced by decoherence. Sincewe are interested in
the regimewhere decoherence doubles the variance ofPℓ, we need
x
x g
1
4
. 10
2
0
2
0
2( )
( )d ta
Note that themechanical position can bemeasured by homodyning a light pulse that has been sent into the
mechanics, since the phase of the reﬂected light pulse depends on themechanical position. It has been shown in
[24] that for an input drivewith duration ln 2 ,k the achievable precision δ x depends on the photon numberNp
through the formula x x .
g N0 5 0 p
d = k The limitation forNp and hence on the precision is given by the power Pp
that can be used before heating signiﬁcantly the surrounding bath and ultimately by the power that can be
homodyned before photo-detection saturates.
Similarly to the requirement on the precision of themeasurement of the oscillator position, the
measurement of the quadrature of the lightﬁeld needs to be accurate. Consider an imperfect quadrature
measurement inwhich the phase of the local oscillator follows aGaussian distributionwith a standard deviation
σ. This is equivalent to a phase noise on the lightﬁeld and a perfect local oscillator.We found that the proposed
witness can reveal optomechanical entanglement if
g2 . 110 ( )s t
To accurately record the decoherence of themechanics, weﬁnd .1
2
s a In the limit g 10ta  (3), the
constraint for observing entanglement is themost demanding.
If themechanical oscillator is not initially in its ground state, but in a thermal state with amean occupation
nth, the variance of the light is unchanged but the correlations between the light andmechanics decreases. To
detect entanglement, one needs
n g
1
2
8 12th 0
2( ) ( ) ta+
in the limit where n g 1.th 0t  Various cooling schemes have been proposed in the pulsed regime [24, 26]. For
example, it has been shown in [24] thatmeasuring themechanical positionwith twopulses (of duration ln 2k and
containing eachNp photons) delayed by a quarter of amechanical period reduces themechanical excitation to
an effective thermal occupation n 1 1 .
g Neff
1
2
4
0
4
p
2¯⎜ ⎟
⎛
⎝
⎞
⎠= + -
k For g N ,0 p k> this results in n 1,eff  i.e.
ground state cooling. Again, the limitation on Np¯ is the power Pp¯ than can be homodyned and that can be
undergone by themechanics without increasing the temperature of the environment.
To summarize, let us consider a given optomechanical systemwithﬁxedmechanical and cavity frequencies,
effectivemass and cavity length, i.e. g0 andωm are given.We choose a pulse duration τ as large as possible to relax
the constraint on the precision of the homodyne detection (11). In particular, for ,ln 2t ~ k themaximumvalue
is set by the cavity ﬁnesse.We then choose the largest possibleα so that the dynamics still holds in the pulsed
regime (9).We found thatα2=0.6/((g0τ)
2ωmτ) provides a signiﬁcant violation of the inequality (2). The
detection of entanglement then gives a constraint on the initial effective occupation number of the
optomechanical system through the formula (12). Lastly, the formulas (10) and (11) give the requirement on the
measurement precision. The temperature of the environment and themechanical quality factor are such that
standard decoherence should operate on times scales longer than the collapsemodels wewish to test.
6. Experimental feasibility
For concreteness, we focus on amechanical oscillator with an effectivemassM=60 ng and a frequency
ωm=2π×20×10
3 s−1 that is used as one of themirrors of a Perot–Fabry cavity with length 0.5 cm, resulting
5
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in an optomechanical coupling g0∼2π×100 s−1.We consider a cavityﬁnesse of 1.5×105which corresponds
to theﬁnesse of the Perot–Fabry cavity implementedwithmicromirrors in [29]. This leads to light pulses with a
duration τ∼1.1μs with amean photon number of up toα2∼8.6×106 i.e. a power is 1μW.To reveal
entanglement, the thermal occupation number of themechanics has to satisfy nth34which can be achieved
with a power P 1.6p¯ ~ nWand the phase of the local oscillator that is used for homodyning the light has to be set
with an accuracy ofσ∼0.1°. This also takes a base temperature ofT∼400mKand amechanical Qm factor of
∼ 106. To record the decoherence of themechanics, themechanical position needs to be resolvedwith an
accuracy 0.24x
x0
d which can be achievedwith a power Pp of 0.38μW.Furthermore, we found that themodel
by Ellis and co-workers takes about 5×10−5 s to double the spread of results ofPℓ, whichwould be testable
with the proposed device withQm∼1.5×107 andT∼20mK. Themodel ofDiosi and Penrosemight also be
testable despite the known ambiguity with respect to themass distributions. Under the assumptions that the
mass is distributed over spheres corresponding to the size of the atomic nuclei, it takes about 2×10−8 s to
double the spread of results ofPℓ. This should be testable withQm∼ 105 andT∼300mK.
Conclusion
Wehave shown how a simple laser light driving amechanical oscillator in the pulsed regime results in an
optomechanical entangled state.We have shown how to reveal the quantumnature of this state and how to use it
to probe the oscillator decoherence.While we have focused on a realizationwith the trampoline resonator
envisioned in [30], various systemsmight be used to implement our proposal and ultimately, to test explicit wave
function collapsemodels.We found for example that despite its smallmass, the zipper cavities of [31, 32]might
be used to test themodel ofDiosi and Penrosemodel with a bath temperature ofT∼200mK if theirmechanical
Q factor is pushed toQ∼107.
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Appendix
Here, we clarify the constraint for the system to be in the pulsed regime.
Immediately after the interaction, the system is in the state
D a a De 0 0 , A.1a ai M M
2∣ ( ) ( )∣ ∣ ( )ℓ ℓ( ) ††y b añ = ñ ñl
where 1 e
g i0
m
m( )b = -w w t- and
g
6 m
20
2
m (( ) )( ) ( ) l w t= +t w t .DM(ℓ) refers to the displacement operator on the
mirror (light) system respectively.
Performing a phase shift e a a2i
2 †a l- and taking the overlap of this state to the ideal case, weﬁnd
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Herewe use the fact that D a a D a a X2l l
2( )( ) ( ) ℓ† † †a a a a= + + , and requiring that 12la  yields the
requirement that g 62 0
2
m( )a t w t  .
The fact that the light pulse is not sufﬁciently short, can lead to amirrorwith a different starting position in
phase space, even right after themirror-light interaction time. This can be seen from the displacement of the
mirror state.
D a a D
g
a a2 sin
2
i sin
2
cos
2
. A.3M M
0
m
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Todisentangle the light from themechanics then, themirrormeasurements should be adjusted by
2
mw t .
References
[1] Ellis J, Hagelin J S, NanopoulosDV and SrednickiM1984Nucl. Phys.B 241 381
6
New J. Phys. 18 (2016) 033025
[2] Ghirardi GC, Rimini A andWeber T 1986Phys. Rev.D 34 470
[3] Ghirardi GC, Pearle P andWeber T 1990Phys. Rev.A 42 78
[4] GisinN 1989Helv. Phys. Acta 62 363
[5] Diosi L 1989Phys. Rev.A 40 1165
[6] Penrose R 1996Gen. Relativ. Gravit. 28 581
[7] BahramiM, PaternostroM, Bassi A andUlbrichtH 2014Phys. Rev. Lett. 112 210404
[8] Nimmrichter S,Hornberger K andHammerer K 2014Phys. Rev. Lett. 113 020405
[9] ZurekWH2003Rev.Mod. Phys. 75 715
[10] Diosi L 2015Phys. Rev. Lett. 114 050403
[11] Bose S, Jacobs K andKnight P L 1997Phys. Rev.A 56 4175
[12] Bose S, Jacobs K andKnight P L 1999Phys. Rev.A 59 3204
[13] MarshallW, SimonC, Penrose R andBouwmeesterD 2003Phys. Rev. Lett. 91 130401
[14] KlecknerD, Pikovski I, Jeffrey E, Ament L, Eliel E, van denBrink J and BouwmeesterD 2008New J. Phys. 10 095020
[15] Pepper B,Ghobadi R, Jeffrey E, SimonC andBouwmeesterD 2012Phys. Rev. Lett. 109 023601
[16] Sekatski P, AspelmeyerMand SangouardN2014Phys. Rev. Lett. 112 080502
[17] Ghobadi R, Kumar S, Pepper B, BouwmeesterD, LvovskyA I and SimonC2014Phys. Rev. Lett. 112 080503
[18] Hofer SG,WieczorekW,AspelmeyerMandHammerer K 2011Phys. Rev.A 84 052327
[19] Palomaki TA, Teufel J D, Simmonds RWand Lehnert KW2013 Science 342 710
[20] Basiri-Esfahani S, AkramUandMilburnG J 2012New J. Phys. 14 085017
[21] Kómár P, Bennett SD, Stannigel K,Habraken S JM,Rabl P, Zoller P and LukinMD2013 Phys. Rev.A 87 013839
[22] VannerMR, AspelmeyerMandKimMS2013Phys. Rev. Lett. 110 010504
[23] GallandC, SangouardN, PiroN,GisinN andKippenberg T J 2014Phys. Rev. Lett. 112 143602
[24] VannerMR, Pikovski I, ColeGD,KimMS, BruknerČ, Hammerer K,MilburnG J andAspelmeyerM2011Proc. Natl Acad. Sci. USA
108 16182
[25] WangX,Vinjanampathy S, Strauch FWand Jacobs K 2011Phys. Rev. Lett. 107 177204
[26] Machnes S, Cerrillo J, AspelmeyerM,WieczorekW, PlenioMB andRetzker A 2012Phys. Rev. Lett. 108 153601
[27] VannerMR,Hofer J, ColeGD andAspelmeyerM2013Nat. Commun. 4 2295
[28] Tan SM1999Phys. Rev.A 60 2752
[29] Muller A, Flagg E B, Lawall J R and SolomonGS 2010Opt. Lett. 35 2293
[30] KlecknerD, Pepper B, Jeffrey E, Sonin P, Thon S andBouwmeesterD 2011Opt. Express 19 19708
[31] Cohen JD,Meenehan SMandPainterO 2013Opt. Express 21 11227
[32] EichenﬁeldM,CamachoR,Chan J, Vahala K J and PainterO 2009Nature 459 550
7
New J. Phys. 18 (2016) 033025
